Color mutations and variations in amphibians are often found in the wild. They are potential subjects for genetic research, and are also a good indicator of environmental changes, because they normally occur during two distinct stages of the amphibian life cycle: in water, during the tadpole stage, and on land, after metamorphosis. However, reviews and compilations on the mutations and variations in wild-caught amphibians are scarce. Here, I present the color mutations and variations in Japanese frog species and show the results of our genetic analyses on the mechanisms of color expression and their implications.
Introduction
The external coloration of organisms plays an important role in biological functions, such as adaptation to the environment, reproduction and speciation. Coloration in animals is expressed as a result of color pigments and their cumulative effects on cells in scales, skin, feathers and hair. In the wild, color variations, in which coloration deviates from the species-specific range, are sometimes discovered. Since many frog species in Japan inhabit and breed in or near rice fields, which are located in close proximity to human habitations, color variations during the tadpole stage are discovered by people who then send the information to researchers at universities, aquariums and zoos. Therefore, frogs are the best materials next to humans for the collection of spontaneous variants and mutations in coloration. In fact, information on color variations in Japanese frogs has been collected by several researchers ( [1, [3] [4] [5] ; see http://home.hiroshima-u.ac.jp/amphibia/miura/first.html).
Although frogs have advantages for the collection of spontaneous variations and mutations in coloration, the information on existing variations has never been compiled, possibly because the frogs in question are not always available for genetic research. This is likely due to the difficulty in breeding and establishing a lineage by accumulating successive generations in the laboratory. In this regard, the Amphibian Research Center of Hiroshima University has been a unique and successful facility for maintaining the genetic lineages of amphibians collected from the wild over the past 50 years. Thus, these lineages are available for use in genetic studies. In this study, I present the color variations and mutations in Japanese frogs and the results of our genetic studies.
Materials and Methods
The color variations and mutations were collected from the following localities in Japan: 
Albino
A typical coloration anomaly found in frogs in the wild is albinism, caused by a mutation in the tyrosinase gene, which is involved in the biosynthesis of melanin (black or brown pigment molecules deposited in pigment cells in the skin and eyes). The albinos of five frog species are shown in Figure 2A -E. The skin color of albino frogs is basically yellow, while the eyes (pupils) are pink. However, the albino morph of the green frog
Rhacophus arboreus differs in coloration: the skin of albino adults is normally green. The albino tadpoles are white or yellow, similar to those of other species, and juveniles are yellow for a few months after metamorphosis, but, gradually, the skin color changes to green, which is the normal color of wild-type frogs. This is due to the unique pigment cell, violeophore, which replaces the melanophore and contains violet pigments. Thus, a lack of melanin does not affect the coloration of the adult skin of albinos of this species. If violet pigments or violeophores are lost through mutations, the phenotype is changed to yellow skin, which is similar to that of albinos of other species; however, the eyes (pupils) are normal and black (Fig. 2F) .
We investigated the mutations of the tyrosinase gene in the albinos of three frog species: Pelophylax nigromaculatus (collected from three different localities), Glandirana rugosa, and Fejervarya kawamurai, with specimens of the latter two collected from each one locality.The mutations found in P. nigromaculatus were unique. Thymine was inserted in exons 1 and 4, respectively, out of the five exons in the tyrosinase gene of the former two albinos; three nucleotides coding one amino acid were deleted from exon 1 in the other albino. In addition, two isoforms of mRNA were identified in the former two albinos: one is normal in size and the other is shorter, and these were missing one and three exons, respectively. In the other two frog species, G. rugosa and F. kawamurai, one nucleotide substitution changed the highly conserved amino acids in exons 3 and 1, respectively, into other amino acids [3] . The mutations in the tyrosinase gene identified in all these albinos were unique and different from those found in humans. 
Independent control of melanization in skin, eyes and eggs
Among the color mutations found in frogs, an interesting phenotype of one P. nigromaculatus mutation is the black-eyed yellow, which shows whitish yellow coloration in the skin and normal coloration in the eyes, and is controlled by a single recessive gene (Fig. 3) . In addition, the eggs of the female of this type of mutant are normally black. This phenotype indicates that the regulation of melanization is independently controlled between cells of the skin and eyes/eggs. In another color mutation of the brown frog Rana japonica, the phenotype of which is also controlled by a single recessive gene, the skin and eyes are completely normal, but the eggs are white (Fig. 4) .
This indicates that melanization in eggs is independently controlled from that in skin and eyes. In conclusion, melanization in frogs is controlled independently between the skin, eyes and eggs. 
Epigenetic regulation of pigment cell differentiation
In 1999, we found a color mutation of the rice frog Fejervarya kawamurai. The phenotype is controlled by a single recessive gene. Its skin is pinkish with several black spots on the back, and the eyes are almost normal. Under the microscope, melanophores or xanthophores cannot be visibly identified in the pinkish regions of the skin, but iridophores are visible, which are round and contain highly condensed pigments. In the black spots, melanophores and sometimes xanthophores are identified together with almost normal differentiation. The spot patterns on the backs of the mutants differ among individuals of the same brood, and thus the deposition of pigments in the skin seems to be epigenetically controlled (Fig. 5) .
Sex linkage of color locus
In all amphibians examined to date, sex is determined genetically, but sex chromosomes are homomorphic in both sexes in most species, indicating that genetic differences between the sexes are few. If the color locus is linked with sex, it is very useful to identify the genetic sex of embryos and tadpoles at the early stages of their development, before sex determination and the onset of sexual differentiation of the gonads. In 2005, we studied a female color mutant of Glandirana rugosa from Yamaguchi prefecture. The skin was yellow and a little melanized; this phenotype is controlled by a single recessive gene, designated C locus (C is the wild-type allele and c is the mutation allele). We established a lineage of color mutation by repeating sibling crosses in which the male was wild-type and heterozygous (Cc) for the color locus, while the female was yellow and homozygous (cc). When the males and females were crossed, all of the male offspring were wild-type and all female offspring were yellow (Fig. 6) . Additionally, the different coloration between sexes appeared at a very early developmental stage, just 6 days post-fertilization [2] . Finding more mutations linked to sex is desirable for studies on sex determination, and also applicable to research on the influence of environmental disruptors on gonadal sex-differentiation.
Blue color
One of the most frequently discovered color variation in the wild frog is 'blue'. The 'blue' variation is reported in the tree frog Dryophytes japonicus, the pond frog P.
nigromaculatus, the green forest frog Rhacophorus arboreus, and Ishikawa's frog, Odorrana ishikawae ( Fig. 7 ; see the web site: http://home.hiroshima-u.ac.jp/amphibia/ miura/first.html). Diploid gynogenesis was induced using blue females of D. japonicus; all the resulting offspring showed wild-type in color, but none were blue, indicating that the blue phenotype is not genetically inherited [4] . Recently, I studied the blue variation in P. nigromaculatus from Ishikawa and Fukui prefectures (the specimens were provided by Kazunori Kawauchi), crossing the three blue males with one blue female. The offspring from the three different crosses did not show any blue color but were of a faintly greenish coloration, which was close to blue (Fig. 8) . This result indicates that the blue phenotype is not inherited in P. nigromaculatus, as in D. japonicus, but that the unusual coloration, a bright greenish close to blue, was dominant in the offspring (Fig. 8) . The inheritance mechanism of the blue color remains unknown.
On the other hand, the expression of the blue color is suggested to be influenced by environmental factors in the wild. In Shimane prefecture of western Japan, many blue variants of the tree frog Dryophytes japonicus have been found in regions close to the western edge of Lake Shinji, which has recently been polluted [6] . In Ishikawa prefecture, more than ten blue color variants of P. nigromaculatuswere simultaneously found in the same rice field, which is located close to a chemical plant. Thus, these findings suggest that some chemical reagents induce reduction or degradation in the deposition of yellow pigments or in the differentiation of xanthophores. Thus, further studies on cases of blue coloration are required.
In conclusion, I have summarized the color variations and mutations in Japanese frogs found in the wild. All are genetically inherited via a single recessive mutation, with the exception of the 'blue' variant, the inheritance of which remains unknown.
Molecular analysis of albino frogs could contribute to research on albinism in humans and vertebrates by providing new information on the structure and transcript processing of tyrosinase gene. The application of color mutation for genetic sexing is prevalent in amphibians because their sex chromosomes are homomorphic, and thus genetic differences between the sexes are few. Color variations and mutations are frequently discovered in wild frogs in Japan, and probably throughout the world. These variations could be potential subjects for genetic research and also as indicators of environmental changes.
